T o make these values comparable with the others in the table they have been divided by 8 on the assumption that the fresh carrot contains 87.5% of water. The doses used by Coward & Morgan (1935) were high; their value for August carrots of 1900 i.u./Ioo g., the lowest in the list, is consequently only a minimum value. From the limited data of Smith & Otis (1941) values of 10,000 for pale orange, and 17, 000 for red, carrots may be obtained by calculation; their experiments do not, however, appear to have been done under standard conditions; .there was, for instance, only a small number of rats in certain groups. American usage prefers cod-liver oil to 8-carotene as standard for vitamin A.
According to evidence from various sources, summarized by Morton (1942), the U.S.P. reference cod-liver oil has lost part of its activity: hence biological values determined against it are likely to be high. Confirmation comes from Callison & Orent-Keiles (1945) who have made both comparisons: the average result of four bio-assays on carrots against the U.S.P. cod-liver oil was 11,000 i.u./Ioo g., and against ,%carotene 7000. The authors give the mean of the differences by which the results obtained against the reference oil are too high as 34% but, if the calculation is made on the basis of the values obtained against carotene as standard rather than of that obtained against the reference oil, the difference is 54%. Since some of the values in Table I were obtained against the U.S.P. reference oil they must also presumably be too high in varying degree according to the date of the assay.
VOl. I
Vitamin A value of carrots '15 Another probable cause of error in biological tests. on carrots is that the basal diet has not always included vitamin E, although this is a dietary essential for the rat and is known to play a part in vitamin A metabolism and to influence the requirement (Moore, Martin & Rajagopal, For the carotene content of carrots determined chemically, more than forty references have been found in the literature. The average value is 9 mg. (15,000 ch.i.u.)/Ioo g. but, because of immaturity and inappropriate methods of assay, this value is too low (for discussion see Dark & Booth, 1946). However, for comparison with the average of the published biological values, it seems appropriate to use it to compute a percentage. This is 8870 x Ioo/15,000=59yo; the degree of accuracy is unknown but, judged by the results described below, this value is nearer the truth than the value of 94% mentioned above, obtained from the results of various direct comparisons. Moore, 1945 ).
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METHODS
Determination of vitamin A potency by the rat-growth method
Rats of both sexes were weaned on to a vitamin A-free diet having the perce'ntage composition: extracted casein (Glaxo C/E or A/E) 17, arachis oil 13, sucrose 53, dried yeast 13, salt mixture 4. Each rat received also 2 mg. racemic cr-tocopheryl acetate mixed with 40 mg. (120 i.u.) of Radiostol (synthetic vitamin D of the British Drug Houses Ltd.) once a week. From about 25 days of age the rats were kept in individual cages and weighed at least twice weekly. Immediately they had ceased gaining weight they were given graded doses of cooked or raw carrot or of international standard carotene. Two grdups received 5 and 7-5 i.u. standard carotene, freshly diluted with arachis oil containing 0.01% quinol, twice a week. The oil was given directly in&o each rat's mouth from a dropping pipette. Three other groups were given closely graded doses of various specimens of carrot predicted to give a response approximately equal to that given by the two doses of standard. For an average carrot these were 16, 22 and 30 ch.i.u. carotene for each of the two doses per week,
less for pale carrots, and more for deep red ones, since the carotene in the latter proved to be less well utilized. Experience has emphasized the necessity for the doses to be closely graded because accurate computation of the result is only possible if the responses to the standard and to the unknown overlap. Growth rates during 4 weeks of dosing were calculated from growth curves. The averages for males and females were calculated separately, and the means of these pairs of averages were used for plotting dose-response curves. One or more of the doses of carrot always gave a growth response close to or between the responses to the two doses of standard. The activity was calculated by direct comparison of the dose of carrot giving the same response as an interpolated dose of standard. Because cut carrot loses water to air, it is important that sampling and weighing should be done rapidly. The total supplement for a group of rats was, therefore, weighed and then divided into similar sector-shaped pieces, the doses being equalized by inspection. Non-uniformity would be negligible when spread over the eight doses for the experimental period. At the same time, sectors were cut and weighed for chemical analysis.
For tests with cooked carrot the pieces for both biological and chemical tests were placed in separate test-tubes, which were immersed in boiling water for 45 min. A few drops of water were added where appropriate to counter desiccation.
For the chemical and biological tests with raw carrots, the samples were prepared in the same way but without cooking.
Estimation of vitamin A potency by the liver-storage method
This technique was used as a confirmatory one. The procedure was broadly similar to that described by With (1942), Guggenheim (1944) , and others, except that the doses were larger and were given over a longer period. Rats depleted of vitamin A were divided into groups which were matched as far as possible in litter, sex and weight. E a h group was given carrot, sampled as described above, or carotene in oil, on 6 days a week for 3 weeks. Two days after the last dose was consumed the rats were killed with coal gas, and the vitamin A content of each whole liver was determined by the method of Davies (1933) (see also Davies & Moore, 1939) . With a dose of 0.8 mg. (1330 ch.i.u.) /3-carotene, storage was negligible under the conditions of the present experiment, so that this was the minimum dose suitable for the purpose. Females stored more vitamin A in relation to the dose than males. The average for each sex was, therefore, worked out separately, and the means of these averages were used in calculating all results.
Estimation of carotene excreted by rats in their faeces
Rats on the vitamin A-free diet were kept in individual cages with wire-grid bottoms beneath which the droppings were collected on sheets of paper. Supplements were given as described above. The faeces from each rat were softenedflith water and extracted with a mixture of light petroleum and acetone in the proportion of 3 : 2 by volume, next with acetone and then several times with the mixture. From the combined extracts the acetone was washed with water, leaving fats and pigments in at https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19470023
Vol. I Vitamin A value of carrots 1 I7 the light petroleum. The fat was removed by cold saponification and washing. The carotene was freed from other pigments with aqueous diacetone alcohol or on aluminaNa,SO, and the amount was determined in the photometer (Booth, 1945~) . Small amounts of a carotene-like pigment are always found in faeces even after prolonged subsistence on a carotenoid-free diet (see for instance Kemmerer & Fraps, 1938; Ramasarma & Hakim, 1942; Guggenheim, 1944) . Several experiments have been done by the present author to evaluate this residual pigment or 'blank'. It was found to*be approximately proportional to body-weight and averaged 1.1 and 0.8 pg. 'carotene'/24 hr. for male and female rats, respectively, at a body-weight of 200 g. The amount of this residual pigment was subtracted from the total carotene recovered from the faeces, and the percentage of the ingested carotene which had disappeared was calculated separately for each rat. In none of the experiments in which both bucks and does were used was there any significant sex difference in this percentage disappearance. Accordingly, it was deemed safe to weight experiments on females only equally with those on both sexes.
Up to 3 days are required for passage of unabsorbed food from mouth to anus in the rat. Usually no food carotene could be detected in the faeces laier than 60 hr. after the meal but, if the dose contained over 400 pg., small amounts were sometimes detected 72 hr.. afterwards. Hence faeces had to be collected for long enough to recover all the excreted carotene, but not for longer than was necessary, because of the progressive increase in the correction needed for the 'blank' or residual carotene. A suitable period for most ordinary intakes was from a few hours after dosing until 65 hr. after the dose, or after the second dose if two were given. Since the loss of carotene in stored faeces was found to be only 17% in 15 days at room temperature, it was assumed that loss during the period of collection was negligible. The possibility of destruction within the alimentary canal was not of course excluded by this finding.
Chemical determination of carotene content of carrots
The carrots were assayed chemically for total carotene, most of it /?-and =-carotenes, by the sector method (Booth, 1945 b) . Carotenols (xanthophylls) were removed in some cases with diacetone alcohol, in others with alumina-Na,SO, mixture. No significant difference was found when both methods were used with carrot extracts. The same carrots as were given to rats were also tested chemically on each dosing day. Colorimetric determinations were done on the Pulfrich gradation photometer calibrated with the international. standard carotene, by which means a true comparison was obtained between biological and chemical values. In selected cases the carotene was separated into its two major constituents, the /3-and a-groups, by first determining the content of total carotene with the alumina-Na,SO, technique, then washing out the acetone from the light petroleum solution, and separating the pigments on magnesium oxide.
Test material
The carrots (Daucw carotu L.) used were grown on various soils in south-east England. dosing was in progress. In some cases carrots were freshly dug for a test; in others they were lifted during the winter, stored in burnt soil for a month and then in a closed container in the refrigerator. Under these last-named conditions carrots can be kept healthy for many months with only negligible change in weight.
The limits of error in most of the bio-assays are 65-155% with P=o-95. It is evident from inspection of Fig. I that the results are well within these limits. Exact computation of the error is impossible because of a deterioration of the international standard carotene, which was believed to have taken place during the experiment (see Discussion, p. 123).
The values obtained by biological assay expressed as percentages of the chemical values are shown in the eighth column of Table 2 . The variations in this percentage are presumably due to differences in the experimental conditions caused by the variety, mode of cultivation, age and state of the carrots, whether they were cooked or raw, in the proportion of /?-carotene they contained, in the season of the year, in the freshness of the standard, and in the responses of the rats. The number of experiments, however, justifies the construction of the curve shown in Fig. I Liver storage of vitamin A in relation to the type of carrot consumed I n order to confirm the existence of the variation just mentioned in the biological value of carotene with the variation in its concentration within the carrot, a direct comparison was made between 'ordinary' and ' high-carotene' carrots by the liverstorage technique. I n four experiments 140 piebald rats were dosed with carrot and then killed. In Fig. 2 T h e carotene in the less rich carrots was, therefore, 1-7 times as effective for promoting the storage of vitamin A as the same amount of carotene from the richer carrots. T h e corresponding relationship between these two types of carrot, computed on the basis of the growth tests from the curve in Fig. I , is 1.4 . The liver-storage results, therefore, support the growth results; the agreement is not exact, but it is noteworthy that the amounts of carrot ingested in the storage experiments were nearly IOO times those ingested in the same time in the growth experiments. I n the latter the intake was necessarily suboptimal and the rats were to that extent abnormal, while in the former a rat may have had to consume nearly half its own weight of carrot in 3 weeks.
When tested by the liver-storage technique, carotene in ordinary carrots had about the same vitamin value as it had in oil. This fact may appear to be inconsistent with the results of the growth tests. The explanation, which is outside the scope of the present work, appears to be connected with the great size of the doses and the consequently increased intake of accessory factors in small amount. -The comparison of one carrot with another by the liver-storage method is, however, unlikely to be affected; if it were, the dose-response curves would not both be straight lines.
Intestinal absorption of carotene from oil and from different kinds of carrots
When food containing carotene is ingested, some carotene can always be recovered in the faeces. The carotene which disappears during the passage of food through the gut is usually assumed to have been absorbed but, until this is proved, the term 'disappearance ' seems preferable to 'absorption'. Moreover, it is generally supposed that the smaller absorption of carotene from carrots than from oil explains the lower biological value of carotene in the former. There are various reports in the literature of studies on the alimentary absorption of carotene by rats. Some of them are set out in Table 3 . The average percentage absorption of carotene was 42 from carrots and 76 from oil. The proportion of carotene which disappeared from carrots was thus only 55 yo of that which disappeared from oil. In most of these studies no special care was taken to ensure that the intake of vitamin E was adequate. It seemed advisable, therefore, to check the validity of the relationship thus arrived at, by using rats sufficiently supplied with vitamin E.
A group of twelve rats was given doses of carrot containing varying amounts of carotene over the range from 9 to 640pg. The percentage which disappeared was greatest from small doses. This fall in efficiency of absorption with increasing dose, at the low end of the range, was several times confirmed. The accuracy with low doses is, however, seriously impaired by the relative size of the 'blank' correction. For this reason in most of the experiments the doses given were large enough to reduce the blank to insignificance. These doses were much higher than those used for the growth tests but, since the prime object of this series of experiments was to compare carotene in carrots with carotene in oil, it was essential that the dose levels for the two should be comparable.
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The results of several such experiments are summarized in Table 4 . It will be seen that much the greatest amount of carotene disappeared from oily solution, the average being 73 yo. From pale yellow carrots the efficiency of absorption was greater than from the deep red, high-carotene type. Cooked carrots were a little better than raw, but the difference was not great. For 'ordinary' carrots containing 12'4mg. carotene/Ioo g. the disappearance was calculated, from a curve constructed from the data in Table 4 , to be about 47 yo. The proportion of carotene absorbed from ordinary carrots was thus 64% of the proportion absorbed from oil. Table 4 shows the standard deviation of the mean percentage disappearance in each case in which the number of animals in a group justified its calculation. The mean of the standard deviations, weighted by the number of animals in a group, was & 6.94.
DISCUSSION
Variation in the biologicallchemical percentage according to the type of carrot
The results obtained by the various methods agree in showing that the biological value for rats of the carotene of carrots varied (but in opposite sense) with the concentration of carotene in the carrot, though the variation was small within the range of concentration of ordinary carrots. If the early varieties are included, the limits for the biological/chemical percentage are approx. 42-52. Differences in digestibility might account for a part of the variation since the less rich carrots were young and fresh, while the richer ones were old and stored.
Contribution made to the biological activity by u-carotene
In this paper 'carotene', which is generally 90% of the total carotenoids, means Table 2 have been recalculated on this basis, and the results appear in columns 6 and 9. Elsewhere throughout this paper the observed values for total carotene have not been so corrected.
Part played by the inejiciency of intestinal absorption
The lower activity of %-carotene accounts only partly for the divergence of the biological/chemical percentage for carrots from 100. 
Deterioration of the international standard solution during the experiments
Reference has been made to a loss of activity by the international standard carotene which took place during the work. Every precaution was taken in storing the standard carotene and using it in a fresh condition, but the colorimetric values suggested that most samples had suffered some loss. The occurrence of this destruction was established by direct comparison with pure p-carotene and by adopting for the colour test a value of 2550 for El&. at 450 mp. in light petroleum, arrived at after consideration of data of Devine, Hunter & Williams (1945) . The average amount of deterioration was about
The true biological values of carrots, if estimated against fresh pure ,%carotene, would, however, be proportionately lower than the values reported here, and each biological/chemical percentage, therefore, really belongs to a slightly lower carotene concentration. In other words, the scale for both the chemical and biological values in Fig. I ought to be expanded, or the curve ought to be contracted downwards and towards the left, but, since the shape of the curve would be unaffected, its usefulness remains. I n the practical application of the curve this effect makes very little difference, as the following example shows. From Fig. I it may be seen that the biological value for ordinary mature carrots of commonly grown varieties having 12-4 mg. (20, 700 ch.i.u.) total carotene/Ioo g. is 9600 i.u./Ioo g., and hence the biological/chemical percentage is 46.5. The result of a 10% contraction of the curve at a true, chemical value of 20,700 ch.i.u. would be to shift the percentage from 46.5 to 46.0 and the biological value from 9600 to 9500. This small change is of course due to the fact that the curve is not linear. Even had the standard deteriorated by more than 10% it seems unlikely that the percentage at this level would be less than 44. There is also the possibility that a loss of potency of the standard might have occurred through trans -+ cis isomerization. Taking this into consideration the biological value suggested for mature carrots is 9000 i.u./Ioo g.
Application of the results to human diets
T h e results in this paper are derived from experiments on rats, and the same is true of the vitamin A values attributed to most foods. T h e possibility exists, however, that carrots have a different relative vitamin A value for man. SUMMARY I . The values found in the literature for the carotene content determined chemically, and the vitamin A potency determined biologically, in mature carrots were inadequate for determining the ratio of these two properties to one another.
2. I n the present paper, this ratio is called the biological/chemical percentage, and is defined as one hundred times the biological value divided by the chemical value.
3. The carotene content was determined chemically, and the vitamin A potency biologically by the rat growth method, against the international standard solution of p-carotene for ten samples of seven varieties of carrots.
4. The carotene content determined chemically ranged from 4900 to 93,000 ch.i.u.*, and the biological value from 2900 to 37,000 i.u./Ioo g. wet tissue. T h e biological value tended to be less in proportion as the concentration in the carrot increased, the biological/chemical percentage ranging from 24 to 70; for ordinary carrots with a concentration of carotene of 12.4 mg./Ioo g. this percentage was 46.
5. A curve was constructed from which may be read the vitamin A potency, for rats, of any carrots having a known carotene content determined chemically.
6. The existence of an inverse relationship between the biological potency and the concentration of carotene in carrots was confirmed by measuring the amount of * For explanation see p. 113. vitamin A stored in the liver of rats dosed with two types of carrot, one rich, and one poor, in carotene.
7 . The amount of carotene excreted by rats in their faeces was determined and the percentage of ingested carotene which disappeared (and was presumably absorbed) was calculated.
8. The disappearance of ingested carotene ranged from 33 to 56% when it was derived from carrots, being least when the concentration in the carrot was greatest; for ordinary carrots it was 47%. When the carotene was derived from oily solution the disappearance ranged from 72 to 78 yo .
9.
The difference between the biological and chemical values can be almost wholly accounted for by the incompleteness of alimentary absorption, and by the lower activity of a-carotene which forms an appreciable part of the total carotene in carrots.
10. The biological value suggested for the vitamin A potency of ordinary carrots, determined in experiments on rats, is 9000 i.u./Ioo g.
The carrots rich in carotene were bred and grown by Mr S. 0. S. Dark at the Horticultural Research Station, Cambridge. I wish to thank Dr J. Devine 
